Using the NASA/GEOS reanalysis data for 1980-95, the austral-summer stationary eddies in the tropicalsubtropical Southern Hemisphere are examined in two wave regimes: long and short wave (wave 1 and waves 2-6, respectively). The basic structure of the Bolivian high-Nordeste low (BH-NL) system is formed by a shortwave train across South America but modulated by the long-wave regime. The short-wave train exhibits a monsoonlike vertical phase reversal in the midtroposphere and a quarter-wave phase shift relative to the divergent circulation. As inferred from (a) the spatial relationship between the streamfunction and velocity potential and (b) the structure of the divergent circulation, the short-wave train forming the BH-NL system is maintained by South American local heating and remote African heating, while the long-wave regime is maintained by western tropical Pacific heating.
Introduction
The summer upper-tropospheric circulation over South America is characterized by a well-developed quasi-stationary anticyclone-trough system north of 50ЊS; the Bolivian high (BH) is juxtaposed with the Pacific oceanic trough to the west and the Nordeste low (NL) to the east. The Bolivian high, which is a dominant feature of the upper-level summer circulation in South America, has been the subject of a number of studies undertaken in past decades to understand the mechanism of its formation. Because of the lack of radiosonde observations in this region, previous studies focused primarily on theoretical analysis (e.g., Silva Dias et al. 1983; DeMaria 1985) and numerical simulations (e.g., Kleeman 1989; Figueroa et al. 1995; Lenters and Cook 1997; and others) . These studies demonstrated that the formation of the Bolivian high over the Altiplano is largely determined by Amazonian precipitation. However, beyond the local forcing in tropical South America, Lenters and Cook (1997) showed that the Bolivian high can be intensified by central Andes precipitation, and the Nordeste low can be deepened by African precipitation. On the other hand, Gandu and Silva Dias (1998) recently showed that the western tropical Pacific heating can also affect the location and shape of the Nordeste low.
Due to the lack of observational data in the tropical Southern Hemisphere (SH) and the southern oceans, the structures of stationary waves in these regions have not been well documented. Using National Meteorological Center (currently the National Centers for Environmen-
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tal Prediction) data, Krishnamurti et al. (1973) mapped the 200-mb streamfunction and velocity potential of the global-scale circulation in the tropical belt, and they identified three oceanic troughs in the tropical southern oceans. A more detailed structure of the South American anticyclone-trough system was later constructed by Virji (1981) employing the cloud winds obtained from SMS-I geostationary satellite images. After the National Aeronautics and Space Administration/Goddard Earth Observing System (NASA/GEOS) reanalysis data (Schubert et al. 1993 ) became available, Lenters and Cook (1997) were able to depict the 200-mb circulation of the tropical Southern Hemisphere in which the three tropical continental anticyclones are embedded in the ultralongscale eddies. However, within the context of the threedimensional flow, the structural and dynamical relationship between the BH-NL system and the summer stationary eddies in the tropical Southern Hemisphere is still not clear. Virji (1982) and Lenters and Cook (1997) used the vorticity budget to study the maintenance of the BH-NL system. Holton and Colton (1972) argued that a quarter-wave shift is required between the summer-mean divergence and vorticity fields if a balance is to exist between the generation and advection of vorticity. In fact, this spatial quadrature relationship appears between the 200-mb streamfunction cell representing the Bolivian high and the 200-mb velocity-potential center overlying the Amazon Basin [ Fig. 3 of Lenters and Cook (1997), or Fig. 6 of Virji (1981) ]. Virji (1982) , however, found that the vorticity generation over tropical South America cannot be balanced by the vorticity advection there. In contrast to Virji's vorticity budget analysis with cloud winds, Lenters and Cook (1997) showed with their numerical simulation that the vorticity budget over tropical South America can be approximated by a Sverdrup balance, a balance between the meridional advection of planetary vorticity and the generation of relative vorticity. Their heat budget also suggests that the BH's warm core is formed by the subsidence off the subtropical west coast of South America.
The current study revisits the issue of structure and maintenance of the BH-NL system by posing the following questions.
1) What is the link between the BH-NL system in trop-
ical South America and stationary eddies in the tropical-subtropical Southern Hemisphere? 2) Since the BH-NL system can be depicted well by streamfunction and velocity potential (Krishnamurti et al. 1973; Virji 1981; Lenters and Cook 1997) , can we establish a more solid link between the formation of this anticyclone-trough system and condensational heating through simple diagnostic relationships involving velocity potential and streamfunction? 3) The BH-NL system has been shown to be established by both the local condensational heating within South America and remote condensational heatings over Africa (Lenters and Cook 1997) and the western tropical Pacific (Gandu and Silva Dias 1998) . How do these remote forcings affect the formation of the BH-NL system through the summer stationary waves in the tropical-subtropical Southern Hemisphere?
As shown by previous studies, the upper-tropospheric circulation in the tropical-subtropical Southern Hemisphere is characterized by three pronounced continental anticyclones and three oceanic troughs that are embedded in the ultralong eddies. Thus, the BH-NL system may be formed by local forcing through continentalscale waves and by remote forcing associated with ultralong waves. In order to answer the three questions posed above, the current study employed a scale-separation approach to explore the roles played by these two wave regimes in the structure and formation of the BH-NL system. The data used in this study are generated by the NASA/GEOS Data Assimilation System for the period 1980-95 with a horizontal grid spacing of 2Њ (latitude) ϫ 2.5Њ (longitude) and a vertical grid of 20 sigma levels. For details of the GEOS-1 Data Assimilation System and some preliminary checks of data quality, the reader is referred to Schubert et al. (1993) .
The present paper is arranged in the following manner. The three-dimensional structure of the austral-summer stationary waves in the tropical Southern Hemisphere is presented in section 2. The emphasis in this section is on the formation of the BH-NL system. The links between diabatic heating and divergent circulation and between divergent and rotational circulation associated with the BH-NL system are illustrated in section 3 with a simple diagnostic scheme. In this section the local and remote forcings of the BH-NL system are inferred from the results of diagnostic analysis. In section 4 a simple forced barotropic model developed by Branstator (1983) is used to simulate stationary eddies and to test the effects of local and remote forcings in the formation of the BH-NL system. Concluding remarks are provided in section 5.
The Bolivian high-Nordeste low system and stationary eddies a. Streamfunction
As depicted in Fig. 1 by the 200-mb wind vectors with superimposed outgoing longwave radiation (OLR), the upper-level SH summer circulation is characterized by three continental anticyclones (Bolivian, South African, and Australian monsoon) and three oceanic troughs [South Atlantic (Nordeste), Indian Ocean, and South Pacific]. The stationary eddies of the upper-level SH summer circulation consist basically of these zonally asymmetric circulation components. Because the largescale tropical flow can be portrayed well by streamfunction, we shall use it to delineate the summer stationary eddies in the SH Tropics and subtropics. How- ever, in order to facilitate our search for the basic dynamics and forcings of the BH-NL system, we introduce a scale separation of these stationary eddies into two wave regimes. This scale separation is decided with the following factors.
1) The continental anticyclones and oceanic troughs in the SH Tropics-subtropics can be well separated by the meridional winds in the 10Њ-30ЊS latitudinal zone (Fig. 1) . Thus, the important role played by the medium-scale waves in the SH tropical-subtropical circulation can be well indicated by the maximum power in waves 3-5 of the 200-mb meridional wind n (200 mb) 1 spectrum over the aforementioned latitudinal zone (Fig. 2a) . 2) Based upon the n spectrum, the ultralong-scale eddies do not seem to be important to the SH tropicalsubtropical circulation. On the contrary, they are discernable in the 200-mb eddy streamfunction between the equator and 40ЊS (Fig. 3a) . These ultralong-scale eddies consist of the South African and Australian monsoon highs in the Eastern Hemisphere, and the South Pacific trough in the Western Hemisphere. It is not surprising that the power spectrum of the 200-mb eddy streamfunction averaged over the 0Њ-40ЊS latitudinal zone (Fig. 2b ) is dominated by wave 1. 3) Lenters and Cook (1997) stressed that both the South American and African heatings are vital to the formation of the BH-NL system, while Gandu and Silva Dias (1998) showed that the western tropical heating can affect the location and intensity of the Nordeste low. The contrast between the low-value outgoing longwave radiation (OLR) centers in the Tropics (Fig. 1 ) and the streamfunction fields of these wave regimes (Fig. 3) suggests the formation of the BH-NL system by Lenter and Cook's forcings through medium-scale waves and the effect on the BH-NL system by Gandu and Silva Dias's forcing through ultralong waves. 4) Of the total variance of 200-mb eddy streamfunction averaged from the equator to 40ЊS, 91% is explained by waves 1-6. Evidently, the 200-mb eddy streamfunction can be well represented by the total-wave regime.
Based upon the n and n spectra shown in Fig. 2 and some results presented later (viz., the spatial structure of velocity potential and the responses of the model simulation with different idealized forcings in section 4), we find the most proper scale separation for our diagnostic analysis is two wave regimes: long (wave 1) and short (waves 2-6). Shown in Fig. 3 are the 200-mb streamfunction pat- terns for waves 1-6 ( T ) (Fig. 3a) , wave 1 ( L ) (Fig.  3b) , and waves 2-6 ( S ) (Fig. 3c) . The comparison between T and S indicates that the BH-NL system is formed basically by the short-wave regime, but is modulated by the long-wave regime. A trough stands out of the L pattern extending from Australia to the South Atlantic. This long-wave trough weakens the anticyclonic cell of S over South America and intensifies the cyclonic cell of S in the South Atlantic. The decay of the short-wave train in S (along both the east and west directions) away from South America suggests that the BH-NL system may be formed by the forcing (or forcings) within the wave train (Lenters and Cook 1997) . On the other hand, the contrast between L (200 mb) and the OLR center ( Fig. 1) suggests that the long-wave regimes are generated by the condensational heating of cumulus convection over the western tropical Pacific (Gandu and Silva Dias 1998) . White (1982) analyzed the vertical structure of summer stationary eddies in the Northern Hemisphere (NH) and found a vertical phase reversal at about 500 mb in low latitudes where the atmospheric circulation is dominated by the monsoon system. Do these monsoonlike characteristics of low-latitude stationary eddies exist in the SH Tropics and subtropics? To answer this question, the longitude-height cross sections of streamfunction at 20ЊS for the two different wave regimes are shown in Fig. 4 . It is discernible in T (Fig. 4a ) that smaller-scale eddies with a vertical phase reversal are embedded in larger-scale eddies with a vertical tilt. This observation is further clarified by the streamfunction cross sections of the long-and short-wave regimes. The vertical phase reversal is particularly clear in the short-wave regime (Fig. 4c) over the continent and its surrounding oceans. In contrast, an apparent eastward tilt emerges in the vertical cross section of the long-wave streamfunction. In other words, the long-wave regime does not seem to bear the monsoonlike characteristics found in the NH summer.
b. Velocity potential
The atmospheric flow may be split into rotational and divergent components; the former can be expressed by streamfunction and the latter by velocity potential. Figure 5 shows the 200-mb velocity-potential fields in the three wave regimes. The total variance of E (summermean eddy velocity potential at 200 mb) averaged between the equator and 40ЊS explained by these wave regimes are 97% for T , 61% for L , and 36% for S . Apparently, T is a good approximation of E . These velocity-potential function fields are characterized by the following salient features. (Fig. 5a ), air mass flows out of the major convective regions in the Tropics (as observed by Krishnamurti et al. 1973) . The global divergent circulation portrayed by T exhibits a wave-1 pattern embedded with smaller-scale centers. 2) For L (Fig. 5b) , the divergent and convergent centers of the long-wave regime are located near New Guinea and in the northeast corner of Brazil, respectively. The spatial structure of L thus resembles the large-scale feature of T . This resemblance provides a basis for the scale separation adopted in this study. The minima in the OLR (Fig. 1) infer that this wave-1 global divergent circulation is maintained by condensational heating from cumulus convection over the monsoon region (the eastern tropical Indian Ocean-the western tropical Pacific). In the shortwave regime, air mass diverges out of South America and Madagascar (Fig. 5c ). Although these two di- vergent centers seem to be slightly east of the lowvalue OLR centers over those two regions (Fig. 1) , it seems they are also maintained in some way by cumulus convection. Holton and Colton (1972) pointed out that this quadrature relationship has an important implication for vorticity dynamics, namely, the balance between horizontal advection and the generation of vorticity. This implication will be illustrated in the next section.
Note that the activity of cumulus convection is closely linked to vertical motion. Since a convergent center of the long-wave regime and a divergent center of the short-wave regime are collocated over South America, cumulus convection over this region should be related in some way to the vertical motions associated with these two wave regimes. The longitude-height cross sections of (u D , Ϫ) vectors in the three wave regimes are shown in Fig. 6 , where u d and are divergent zonal wind and p-vertical motion, respectively. The convergent center of the long-wave regime is coupled with a broad downward branch centered at above 50ЊW (Fig.  6b ). For the short-wave regime (Fig. 6c ) the juxtaposition of zonal cells is actually the traditional view of Walker circulation (e.g., Kousky et al. 1984) . Three well-organized convective cells juxtaposed across South America and the surrounding oceans are embedded in the downward branch of the long-wave regime. Consequently, in this region, the upward (downward) motion of the short-wave region is weakened (enhanced) by the long-wave regime, as indicated by the combined vertical motion of these two wave regimes shown in Fig. 6a .
The vertical motion associated with the long-wave regime over South America indicates that the tropical heating of the western tropical Pacific (Gandu and Silva Dias 1998 ) maintaining the long-wave regime constitutes another remote forcing to the BH-NL system across South America in addition to equatorial African condensation heating (Lenters and Cook 1997) . The possible effect of the western tropical Pacific heating on the BH-NL system may constitute a remote forcing to the climate change of tropical South America. For instance, the subsidence of the long-wave regime over tropical South America may be intensified by the warm El Niño-Southern Oscillation (ENSO) event. This argument is consistent with Ropelewski and Halpert's (1987) observation of the interannual rainfall variation and the numerical simulations of Gandu and Silva Dias (1998) . For the short-wave regime (Fig. 6c) , the upward branch in tropical South America seems to be slightly east of the low-value OLR center ( Fig. 1) there. Actually, the broader upward branch covering the region from tropical Africa, across Madagascar, to the western tropical Indian Ocean is rather consistent with the lowvalue OLR center.
Maintenance of the Bolivian high-Nordeste low system
In the previous section, we portrayed the BH-NL system and the SH summer stationary eddies with streamfunction and velocity potential and suggested a possible link between divergent circulation and condensational heating. In this section, we examine the maintenance of the BH-NL system with a simple diagnostic scheme that includes 1) the velocity potential maintenance analysis, which illustrates the link between divergent circulation and diabatic heating; and 2) the streamfunction budget analysis, which elucidates the maintenance of the BH-NL through the interaction between the atmospheric divergent circulation and rotational flow.
a. Velocity-potential maintenance
The relationship between divergent circulation and diabatic heating can be established by combining the continuity equation and the vertical differentiation of the thermodynamic equation (Chen and Yen 1991a,b) :
[ ] where ϵ Ϫ(T/)‫ץ/ץ‬p, Q , V, p, and T are diabatic heating rate, wind vector, pressure, and temperature, respectively. If divergence is expressed in terms of velocity potential ١ · V ϭ ٌ 2 , we operate the inverse Laplacian transform of the long-term mean [Eq. (1)] to obtain the following relationship between and Q :
It is shown in this equation that velocity potential is maintained by the vertical differentiations of diabatic heating ( Q ) and thermal advection ( H ). The diabatic heating generated directly from the NASA/GEOS Data Assimilation System may contain significant model bias, and in order to avoid this, we evaluate Q by the residual method after computing and H with the NASA/GEOS reanalysis data. Within the latitudinal belt between the equator and 40ЊS, Q and H explain 97% and 3%, respectively, of the total variance of . Evidently, we can approximate [Eq. (2)]
which is consistent with the approximated thermodynamic equation in the Tropics,
c p in which the diabatic heating is balanced by adiabatic VOLUME 56
The east-west circulation of the three wave regimes depicted by wind vectors on the longitudeheight cross sections: (a) waves 1-6 , (b) wave 1 , and (c) waves 2-6 . The
vector length is measured by the scales shown on the upper-right corner of (a).
cooling. For illustration, the Q fields of the long-and short-wave regimes are shown in Fig. 7 . Since Q accounts for most of the variance of in the tropical Southern Hemisphere, it is not surprising to find that spatial structures of the Q fields in these two wave regimes over this region resemble those of (Fig. 5) . These similarities suggest that the divergent circulation of both the long-and short-wave regimes are primarily maintained by diabatic heating (which may be inferred from the low-value OLR centers in the Tropics). Lenters and Cook (1997) showed that the horizontal advection of sensible heat over South America may be of moderate significance in midlatitudes but is generally much smaller than both diabatic heating and adiabatic cooling in low latitudes. The minor contribution from H in our analysis is in line with Lenters and Cook's finding. That study also found that condensational heating over tropical Africa affects the intensity of the Nordeste low. The pair of positive and negative cells S Q across tropical Africa indicates that the maintenance of the corresponding pair of S cells in this region may be related to the tropical African condensational heating. As will be shown in the next section, this pair of S (200 mb) cells contributes to the maintenance of the Nordeste low. Lau (1979) analyzed the vorticity budget to infer the physical processes maintaining the NH winter stationary eddies. The same approach was adopted by Lenters and Cook (1997) to explore the maintenance of the BH-NL system. Kang and Held (1986) , however, pointed out that the time-mean vorticity budget is noisy and difficult to interpret. Instead, they introduced the streamfunction budget, which is the inverse Laplacian transform of the vorticity equation. Compared to the vorticity budget, the broader-scale structure of the terms in the stream-
b. Streamfunction budget analysis
function budget provides a clear and more robust way to study the vorticity balance. Following Chen and Chen (1991) , we may write the stationary eddy streamfunction budget equation as
where V R and V D are rotational and divergent wind vectors, respectively, and ( ) E denotes the eddy component of ( · ). Here A , x , ts , and F are eddy streamfunction tendencies induced by advection of time-mean absolute vorticity by the mean rotational flow, divergence of the flux of the time-mean absolute vorticity flux by the mean divergent flow, divergence of transient vorticity flux, and residual, respectively. In our diagnostic analysis both ts and F are numerically much smaller than other terms in Eq. (5). We may obtain a better understanding of various physical processes included in Eq. (5) by splitting the variables into their zonal-mean [identified by ( ) z ] and eddy components using the eddy vorticity equation. We rewrite Eq. (5) with the following form:
In Eq. (6), A of Eq. (5) is divided into eddy streamfunction tendencies caused by the advection of eddy relative vorticity by zonal-mean flow ( A1 ), the meridional advections of planetary vorticity ( A2 ) and zonalmean relative vorticity ( A3 ) by eddy meridional flow, and the horizontal advection of eddy relative vorticity by eddy flow ( A4 ). In the mean time, of Eq. (5) is also divided into eddy streamfunction tendencies caused by the vortex stretching of planetary vorticity ( 1 ), the meridional advection of planetary vorticity by divergent meridional flow ( 2 ), and the divergence of relative vorticity flux ( 3 ). We then use Eqs. (5) and (6) to form a diagnostic analysis of the streamfunction budgets for the three wave regimes.
1) TOTAL-WAVE REGIMES Shown in Fig. 8 are two streamfunction tendencies of the total-wave regime, and , which contribute T T A 93% and 96% variance of these streamfunction tendencies, A and , respectively, in the region between the equator and 40ЊS. The salient features in the horizontal structure of these two quantities are as follows.
1) Holton and Colton (1972) argued that the balance between the vorticity generation by vortex stretching and horizontal vorticity advection requires a quarterwave shift between the summer-mean divergence and vorticity fields. A spatial quadrature between T and T is revealed from the comparison between Figs. 3a and 5a. As expected by Holton and Colton (1972) , and approximately balance each other.
T T A
2) As revealed from the vorticity budget analysis of stationary waves by Lau (1979) , the horizontal vorticity advection is positive ahead of trough and negative east of the ridge. On the other hand, the former is compensated by vortex stretching, while the latter by vortex compression. Therefore, the maintenance of stationary wave by vorticity advection and stretching requires a quarter-phase shift between T and (or ) in the upper troposphere (Chen and Chen The balance between and reveals not only the T T A maintenance processes of the tropical SH stationary eddies in summer but may also reveal the reasonable quality of the NASA/GEOS reanalysis data over the vast Southern Ocean without sufficient observations. One may argue that this balance reflects only the model dynamics of the GEOS assimilation system, instead of the indication of the reanalysis data quality. Regardless of this possible argument, we can still learn some basic dynamics of the BH-NL system.
2) LONG-WAVE REGIME
The streamfunction budget equation in the form of Eq. (6) is used to investigate the basic vorticity dynamics of the long-wave regime. Certainly not every term in Eq. (6) plays a significant role in the streamfunction budget. Some criteria should be adopted to determine the importance of every term in this equation for the long-wave regime so that we can simplify Eq. (6). The dynamic equations may be simplified in different ways in order to delineate the basic dynamics of stationary waves related to the formation of the BH-NL system. For instance, the scale analysis (Charney 1948; Burger 1956 ) is a feasible approach. Since the streamfunction budget analysis is adopted in this study, we should introduce some simple criteria to simplify the streamfunction budget equation. The development of these criteria are based upon the following principles: 1) the spatial structure of the streamfunction tendency induced by a dynamic process exhibits a spatially systematic VOLUME 56 relationship with streamfunction and 2) the variance explained by this streamfunction tendency should be significant in comparing with those caused by other dynamic processes. Thus, we define the following two criteria.
1) The variance contributed by each term to the total variances of and averaged over the global belt
between the equator and 40ЊS should be significant (Ն15% of the averaged and variances).
L L A
2) The spatial structure of the selected terms combined resembles that of (or ) and the area-averaged With these two criteria, we are able to simplify Eq. (6) for the long-wave regime at 200 mb into the following form with the variance of each term in Eq. (6) and the spatial structures of quantities shown in Fig. 9 : The simplified vorticity equation corresponding to Eq. (Fig. 3b) and L (Fig. 5b) ] also enables the meridional advection of planetary and relative zonal-mean vorticity to be nonnegligible. In essence, the inclusion of the three extremes in Eq. (5), in addition to the Sverdrup balance,
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is attributed to the large meridional scale of the wave-1 stationary wave.
In section 2, we showed that L is primarily maintained by condensational heating. However, it is not immediately clear how L is linked to L and, in turn, to condensational heating. To elucidate this link, we use the following simple approach. Based upon the spatial patterns of L (Fig. 3b) and L (Fig. 5b at 200 mb) , let us assume
where L y and k are the meridional extent of L and longitudinal wavenumber, respectively. Substituting Eq. (9) into Eq. (8) and making some rearrangement of the resultant equation, we obtain
where 3) SHORT-WAVE REGIME The BH-NL system is found primarily by the shortwave regime, although this system is modulated by the long-wave pattern to a certain extent. Despite the difference in their horizontal scales, the approach of searching for the long-wave vorticity dynamics is applied here to explore the basic vorticity dynamics of the short-wave regime in terms of the streamfunction budget equation simplified by the following two criteria.
1) Any term (or terms) of Eq. (6) is selected if it contributes significantly (larger than 80%) to total variances of averaged over the global belt between S S
A the equator and 40ЊS. 2) The spatial patterns of the selected term (or terms combined) resemble those of and . Fig. 10 is the streamfunction budget of the the short-wave regime, which exhibits the following salient features. 1) Similar to the long-wave regime, (Fig. 10a ) and S A (Fig. 10c) are spatially out of phase across South S America (south of the equator). Namely, these two physical processes balance each other to maintain S in this region. 2) With the two criteria posed above, an approximated S budget is obtained:
S S A

Shown in
Both terms of Eq. (12) are displayed in Figs. 10b and 10d. In the SH between the equator and 50ЊS, the resemblances of spatial structure and the comparable magnitudes between and support the validity of Eq.
S S A2 1
(12). This approximation indicates that a Sverdrup balance holds in the short-wave regime:
particularly over the region across tropical South America. Our previous study (Chen and Chen 1990) observed that A1 and A2 cancel each other to some extent so that A1 ϩ A2 can balance A1 in the winter Northern Hemisphere. In light of the significance of A1 (caused by the horizontal advection of relative vorticity), the Sverdrup balance of Eq. (13) is invalid. Based upon the spatial structures of S (Fig. 3c) and S (Fig. 5c ), let us represent these two variables of a given wavenumber k in the global belt in the tropicalsubtropical Southern Hemisphere by 
k ikx
Substituting Eq. (14) into Eq. (13), we obtain
where B ϭ and C RX ϭ ␤/k 2 . When comparing Eq. C I/C RX (15) with Eq. (10), the difference between them results from the following factors: (a) the meridional structures of streamfunction and velocity potential and (b) the horizontal advection of relative vorticity associated with basic zonal flow and eddies. At any rate, this simple relationship between k and k enables us to explain the structure and maintenance of S associated with the BH-NL system as follows.
1) A quarter-wave shift between
S and S across tropical South America is represented by the factor of e Ϫi/2 in Eq. (15). 2) As inferred from the east-west circulation (u D , Ϫ) S shown in Fig. 6c , S has a vertical phase reversal in the midtroposphere (not shown). The relationship between k and k expressed by Eq. (15) indicates that k should undergo a vertical phase reversal, following k . The vertical phase change of S (Fig. 4c ) can be explained in terms of the Sverdrup balance of the short-wave regime across South America. This ver- Silva Dias et al. (1983) , Lenters and Cook (1997) , Gandu and Silva Dias (1998) Lenters and Cook (1997) showed that the Nordeste low can be deepened by the African condensational heating. Can we infer this effect through the short-wave streamfunction budget? The S cell representing the Nordeste low (Fig. 3c) is spatially in quadrature with the negative cell of (Fig. 10c ) centered at the east S coast of South America and the positive cell of over S the South Atlantic near Africa. If we look back to Fig.  6c , the downward motion associated with the South Atlantic center is maintained not only by the Amazon condensational heating, but also by the African condensational heating. The NH S cell is largely maintained by the two cells discussed here. Because one of them S 1 (the east cell of ) is affected by the African conden-S sational heating, the effect of this heating on the intensity of the Nordeste low becomes clear.
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Numerical experiment
As inferred from the velocity potential and streamfunction budget analyses of both the long-and shortwave regimes in the previous section, the BH-NL system is established by local and remote forcings and rotational circulation. To substantiate this inference made with the result of our diagnostic analysis, a barotropical model with idealized forcings is employed to simulate austral-summer-mean stationary eddies. Based upon the streamfunction budget analyses shown in Figs. 9 and 10, the model is formulated as the linearized vorticity equation, Eq. (8), on a sphere,
where a, , , ␣ (ϭ1.57 ϫ 10 Ϫ6 s Ϫ1 ϳ7 day Ϫ1 ), and (ϭ2.34 ϫ 10 16 m 4 s Ϫ1 ) are the earth's radius, longitude, latitude, drag, and diffusion coefficients, respectively. Here R is a forcing generated from with idealized divergence-convergence centers shown in Fig. 11 and the January-mean vorticity field at 200 mb. Without the horizontal advection of relative vorticity associated with stationary eddies and basic zonal-mean flow (as Silva Dias et al. 1983) , the simplified forced barotropical model Eq. (17) fits a Sverdrup balance in the short-wave regime [Eq. (13)]. DeMaria (1985) suggested that the nonlinear term may intensify the Nordeste low, while Gandu and Silva Dias (1998) showed that the nonlinear effect can affect the intensity and location of this Atlantic trough east of the BH. In contrast, the nonlinear term [i.e., A4 in Eq. (6)] is generally small in magnitude (compared to other terms included in A ) in our streamfunction budget analysis. For this reason, we do not include the nonlinear term in the barotropic model. In order to solve Eq. (17), E and R are expressed in terms of spherical harmonics with a 20-wave triangular truncation. The reader may refer to Branstator (1983) for mathematical and numerical details of this model.
The idealized divergence-convergence centers shown in Fig. 11 are designed based upon the January 200-mb observed divergence associated with cumulus convection centers over seven regions: 1) the western tropical Pacific, 2) the South Pacific Convergence Zone (SPCZ), 3) the Amazon Basin, 4) the central Andes, 5) the South Atlantic Convergence Zone (SACZ), 6) equatorial Africa, and 7) subtropical Africa. Some of these divergence centers are coupled with convergence centers. However, we shall assemble forcings generated from these divergence-convergence centers into the following three groups: a) local forcing, which includes those generated with divergence-convergence centers of regions 3, 4, and 5; b) African forcing, which contains those generated with divergence-convergence centers of regions 6 and 7; and c) Pacific forcing, which consists of those generated with divergence-convergence centers of regions 1 and 2. For convenience, we simply designate the forcing generated with the divergence-convergence center over region n as forcing n. The simulations with different forcings are presented in the following.
a. Local forcing
The Sverdrup balance is applicable to the short-wave train across South America. Therefore, we do not include the basic zonal-mean flow in the model simulations with the forcings within South America. Shown in Fig. 12 are simulations with these local forcings (Fig.  12) highlighted with the following salient features. 1) As predicted by Gill's (1980) theory, a wave-1 structure stands out from the model response to forcing 3, with the major response centers located south of the equator over tropical South America and the tropical Atlantic (Fig. 12a) . Previous studies have demonstrated that the Bolivian high is primarily formed by the condensational heating over the Amazon Basin. Our simulation is consistent with this finding.
On the other hand, the positive E cell of this simulation over the tropical South Atlantic forms the basic structure of the Nordeste low. 2) The model response to forcing 4 is dominated by a negative E cell centered over subtropical South America (Fig. 12b) . Lenters and Cook (1997) claimed that the precipitation of the central Andes strengthens the Bolivian high. Our simulation suggests that the forcing located at the central Andes does not only intensify the Bolivian high but also moves the anticyclonic cell poleward over tropical South America by forcing 3. 3) Regardless of its northwest-southeast orientation, the model response to forcing 5 (Fig. 12c ) is similar to that induced by forcing 3. A wave-1 pattern with a pair of asymmetric E centers emerges in the southern midlatitudes of South America. Lenters and Cook (1997) argued that the Bolivian high formed by condensational heatings over the Amazon Basin and the Central Andes may be further shaped by the South Atlantic Convergence Zone (SACZ). The centers of E cell (generated from the simulation) located at the northeast coast of Argentina seem to support their argument. 4) The combined local forcings within South America (Fig. 12d) include a model response similar to that of forcing 3 but with a larger intensity and meridional extent. The basic structure of the BH-NL system is formed by these local forcings. 
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b. African forcing
Because the Sverdrup balance is still valid in the short-wave regime across tropical-subtropical Africa, we do not include the zonal-mean basic flow in the model. The simulations with forcings over Africa (Fig.  13) are summarized as follows.
1) The model response to forcing 6 is characterized by two dipole patterns (Fig. 13a) ; one is located over western Africa and the other is over the tropical Americas. Despite the magnitude difference between their amplitudes, the components of these two dipoles south of the equator contribute positively to the formation of the BH-NL system. 2) Forcing 7 is almost in its spatial structures opposite to forcing 6. It is not surprising to see that the spatial pattern of the Africa E cell (Fig. 13b ) generated by the former forcing is opposite to that by the latter forcing. 3) In response to forcings 6 and 7 combined, the solution exhibits a negative E cell over South America and an east-west elongated positive E cell in the tropical South Atlantic-tropical Africa region (Fig.  13c) . As shown by Lenters and Cook (1997) , African precipitation deepens the Nordeste low. In addition to this effect, our simulation shows that the African forcing may directly intensify the Bolivian high.
c. Pacific forcing
The longitude-height cross section of the east-west circulation of the wave-1 component (Fig. 6b ) and the L budget (Fig. 9 ) infers that is formed by conden-L sational heating over the western tropical Pacific. This inference is substantiated by the model simulations with forcings 1 and 2 (Fig. 11) . The variance ratio between and ( ϩ ) is only about 19% within the trop-
ical-subtropical Southern Hemisphere (the equator to 40ЊS). Evidently, the horizontal advection of relative vorticity by zonal-mean flow is not crucial to the maintenance of the summertime streamfunction in the longwave regime. For this reason, we shall first simulate the model response to the Pacific forcing without the zonalmean flow. The simulations are shown in Fig. 14. 1) A well-developed and well-organized wave-1 pattern in response to forcing 1 stands out on both sides of the equator with an opposite polarity (Fig. 14a) . The positive E cell in the South Pacific extends eastward across South America with a center located slightly west of 150ЊW. Compared to the South Pacific cell of observed L (Fig. 3b) , the center of the simulated South Pacific E cell exhibits a westward shift. 2) In response to forcing 2 along the South Pacific convergence zone (SPCZ), a clear wave-1 pattern (Fig.  14b ) emerges in southern midlatitudes. The boundary between the negative and positive E cells in this simulation is about 60Њ east of that in the simulation with forcing 1. 3) The model response to forcings 1 and 2 combined is shown in Fig. 14c ; the center of the South Pacific E cell is located at about 120ЊW. Contrasting E 's of Figs. 14a and 14b , it becomes clear that the effect of forcing 2 along the SPCZ is to shift the South Pacific cell of E eastward.
d. Total idealized forcings
1) WITHOUT ZONAL-MEAN FLOW
In view of the model response to forcings of a single group shown in Figs. 12d, 13c , and 14c, the BH-NL system is unlikely to be established by forcings over a single continent. On the other hand, Lenters and Cook (1997) showed that this high-trough system may be formed by condensational heating over South America and Africa.
Shown in Fig. 15a is the E field generated by the local forcings of South America and the remote forcing of Africa combined. This simulated E field is essentially dominated by a wave-1 pattern embedded by smaller-scale structures over the South American-African regions. The combination of the negative E cell over South America and the positive E cell over the tropical South Atlantic may form the basic pattern of the BH-NL system, but the resultant structure shown in Fig. 15a is still far from the observed BH-NL system (Fig. 3a) . As inferred from Fig. 3 , the BH-NL system is formed through the modulation of the S wave train across South America by the South Pacific trough of the long-wave regime L . Figure 15b reveals that the combination of the simulated E with the Pacific forcing (Fig. 14c) and E with the South America-Africa forcing (Fig. 15a) south of the equator between Australia and Africa exhibits a strong resemblance to T (Fig. 3a ) in this region. This modulation also clearly indicates that the remote forcing over the western tropical Pacific [as shown recently by Gandu and Silva Dias (1998) ] is an indispensable factor in forming the BH-NL system.
2) WITH ZONAL-MEAN FLOW
The strong westerlies and weak divergent circulation in midlatitudes make the horizontal advection of vorticity an important term in the vorticity budget. The Hoskins-Karoly linear theory of Rossby wave propagation in a meridionally varying zonal-mean flow (Hoskins and Karoly 1981) can, therefore, explain the cause of a teleconnection wave pattern in midlatitudes. In contrast, weak easterlies prevail in the Tropics (Fig. 16b) . We have found from the L budget in section 3 that a quasi-Sverdrup balance is a reasonable approximation in the tropical long-wave regime. However, it is still legitimate for us to question whether the zonal-mean flow exerts some effect on the long-wave regime in the tropical SH. To clarify this issue, a simulation of E with the Pacific forcings (forcings 1 and 2) and u RZ is shown in Fig. 16a . Except for the wave trains along the great circles in midlatitudes of both hemispheres, the wave-1 structure of simulated E in the tropical SH resembles the case without zonal-mean flow (Fig. 14c) . Recall that the Sverdrup balance is valid for the shortwave regime in the tropical SH. For this reason, let us combine the simulated E of Fig. 15a (which includes forcings 3 through 7 zonal-mean flow, South American and African forcings) and the simulated E of Fig. 16a (with u RZ ) and display the combined simulated E field in Fig. 16c . As revealed from this figure, the short-wave train of simulated E across South America does not seem to be affected by the zonal-mean flow in a noticeable way. 
Concluding remarks
The formation of the Bolivian high had long been regarded as the result of the Amazon condensational heating before the comprehensive numerical simulations of Lenters and Cook (1997) and Gandu and Silva Dias (1998) . In addition to treating the Bolivian high (BH) and the Nordeste low (NL) as a single entity, Lenters and Cook showed that the BH formation should include condensational heating over the central Andes and the SACZ and also the remote African heating. As revealed from the global OLR distribution, there are low-value OLR centers over three tropical continents. Gandu and Silva Dias then demonstrated the possible effect of the western tropical Pacific heating on the intensity and location of the Nordeste low; however, it is not clear from these studies how these regional and remote heatings are connected with the BH-NL system. The tropical Southern Hemisphere circulation is characterized by three oceanic troughs and three continental anticyclones (Fig. 1) . As inferred from the spectral analyses of streamfunction and meridional wind at 200 mb (Fig. 2) , it is found that the BH-NL system is basically formed by a short (2-6) regime and embedded in ultralong waves of the tropical Southern Hemisphere. In view of the basic characteristics of this upper-level circulation, we explored the formation mechanism of this system from a global-scale perspective, instead of considering it only as a regional phenomenon. Thus, several questions were raised in this study concerning the relationship between the BH-NL system and the summer global stationary eddies in the tropical Southern Hemisphere, and the maintenance and formation mechanism of the BH-NL system in conjunction with global stationary eddies. These questions were examined and answered by a diagnostic analysis with the NASA/GEOS reanalysis data and simulation with a simple forced barotropic model.
The major findings of this study are summarized in the following.
a. Structure
A scale separation of streamfunction into two wave regimes [long (wave 1) and short (waves 2-6)] shows C H E N E T A L .
that the BH-NL system is formed by the modulation of a short-wave train across tropical South America by a long wave. This short-wave train exhibits a monsoonlike characteristic, that is, a vertical phase reversal in the midtroposphere and a quarter-wave shift between velocity potential and streamfunction divergence. Divergence centers of the short-wave train over east Brazil and the African continent-Madagascar region suggest that the formation of the Bolivian high is linked to the Amazon condensational heating while the intensity of the Nordeste low is also affected by the African condensational heating. On the other hand, the divergent center of the long-wave regime is located over the western tropical Pacific. The effect of the remote forcing in this region on the BH-NL system is established through the long-wave regime.
b. Maintenance
A simple diagnostic scheme was adopted in this study to examine the maintenance of the BH-NL system. This diagnostic scheme includes the velocity potential maintenance equation (which links velocity potential and diabatic heating) and the streamfunction budget equation (which couples streamfunction and velocity potential). With this diagnostic scheme, we found that the shortwave train across South America may be formed by a relationship between the short-wave regime and diabatic heating ( S Ӎ ) through a Sverdrup balance 
c. Numerical simulation: Forcing
Based upon the simplified vorticity equations of both the long-and short-wave regimes, a linearized forced barotropic model was adopted to test the suggested links between the BH-NL system and the local and remote forcings. With idealized divergence fields, we demonstrate that the African forcing contributes not only to the intensity of the Nordeste low, but also directly to the formation of the Bolivian high. On the other hand, the tropical Pacific heating is vital in generating the stationary eddies of the long-wave regime, which is an indispensable factor in shaping the BH-NL system.
Finally, some comments on this study are in order.
1) Due to the lack of upper-air radiosonde observations over South America, the NASA/GEOS reanalysis data may contain significant model bias. Thus, the structure of austral-summer stationary waves across this region may be skewed toward model bias. Using the cloud wind data, Virji (1982) showed that the regional vorticity budget is dominated by the vortexstretching term. As inferred from our streamfunction budget analysis of the short-wave regime, we find a Sverdrup balance that explains the vertical structure of S and the phase relationship between S and S . Evidently, the NASA/GEOS data are of sufficient quality to enable a proper portrayal of the upperlevel summer circulation across South America.
2) The preparation of the initial conditions for the shortterm operational forecasts over South America may be hampered by the lack of upper-air radiosonde observations. However, the monsoonlike characteristic of the BH-NL system, the quarter-wave shift between S and S , and the Sverdrup balance in the short-wave train across South America may facilitate our search for the cause of systematic errors in the short-term forecasts in this region.
3) As demonstrated in this study, the remote western tropical Pacific heating exerts a major impact on the formation of the BH-NL system. Since this forcing undergoes interannual variations following the ENSO cycle, a number of studies have followed the teleconnection concept to explore the possible climate change of midlatitude South America (e.g., Karoly 1989) . On the other hand, the interannual variation of the northeast Brazil precipitation has been related to that of tropical Atlantic SST (e.g., Hastenrath and Greischar 1993). However, the remote western tropical Pacific forcing through wave 1 in the tropical Southern Hemisphere during the austral summer may offer us a new avenue to explore the interannual variation of the BH-NL system.
